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A battery management system includes one or more lithium 
ion cells in electrical connection, each said cell comprising: 
?rst and second Working electrodes and one or more reference 
electrodes, each reference electrode electronically isolated 
from the Working electrodes and having a separate tab or 
current collector exiting the cell and providing an additional 
terminal for electrical measurement; and a battery manage 
ment system comprising a battery state-of-charge monitor, 
said monitor being operable for receiving information relat 
ing to the potential difference of the Working electrodes and 
the potential of one or more of the Working electrodes versus 
the reference electrode. 
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LITHIUM RECHARGEABLE CELL WITH 
REFERENCE ELECTRODE FOR STATE OF 

HEALTH MONITORING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the bene?t of the ?ling date of US. 
Patent Application No. 60/993,802, ?led Sep. 14, 2007, and 
US. Patent Application No. 60/994,089, ?led Sep. 17, 2007, 
the contents of Which are incorporated by reference herein in 
their entireties. 

TECHNICAL FIELD 

This application relates to monitoring state of charge and/ 
or state of health of batteries. More particularly, this applica 
tion relates to batteries, battery monitoring systems, and 
methods of improving battery performance by monitoring 
state of charge and/or state of health of batteries. 

BACKGROUND 

State of charge (SOC) monitoring is desirable or necessary 
in many battery applications, including portable electronics 
products such as Wireless communications devices and laptop 
computers, poWer tools, electric vehicles (including hybrid, 
plug-in hybrid, and all-electric vehicles), backup poWer sys 
tems, energy storage for poWer generation devices such as 
solar or Wind collectors or fuel cells or conventional fuel 
buming poWer sources, and the like. A battery, or string of 
batteries forming a battery pack, may be used over a limited 
range of SOC or over a Wide range including the entire capac 
ity available from the battery. 

Accurate knoWledge of the state of charge (SOC) and state 
of health (SOH) of a battery is important for many applica 
tions, and especially so for long-life, high charge or high 
discharge rate applications such as hybrid electric vehicles 
(HEVs), plug-in hybrid electric vehicles (PHEVs), and elec 
tric vehicles (EVs). In hybrid electric vehicles, it is especially 
desirable to monitor the state of charge of the battery since 
operation does not typically use the Whole range of SOC and 
typically uses an SOC range that is centered around approxi 
mately 50% SOC, for example, Within approximately 
10-90% or 40-60% ofSOC. Monitoring SOC and SOH can be 
dif?cult if the voltage of the battery varies relatively little With 
the SOC, or if the voltage is time-dependent at a constant 
SOC, or if hysteresis of voltage occurs so that the cell voltage 
is charge/ discharge history-dependent. 

There are a number of situations in Which it is desirable to 
knoW the potential of each electrode in an electrochemical 
cell With some accuracy. The potential at any one electrode in 
a battery may undergo excursions in normal operation that 
brings it close to a potential that can cause damage or degrade 
performance or life. For example, there may be too high a 
potential at the positive electrode causing electrolyte degra 
dation or an overcharged positive active material. In the case 
of a lithium ion battery, the potential may be too loW at the 
negative electrode causing lithium metal plating. 
As another speci?c example Wherein detailed knoWledge 

of the electrode potential is needed in a practical battery, 
consider a lithium ion battery undergoing charging at high 
rates. Too high a charge rate or degradation of the cell can 
cause the potential at the negative electrode to drop beloW that 
of lithium metal and cause lithium plating at the negative 
electrode, Which degrades life and can create a safety con 
cern. HoWever, if the potential at the negative electrode Were 
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2 
knoWn With accuracy, a battery management system could be 
designed to cease charging of the cell before signi?cant 
lithium plating occurs. 

Another reason to monitor SOC accurately is to improve 
the life or safety of the battery. Some battery chemistries 
become unsafe at too high a charge voltage, and many chem 
istries degrade faster at very high or very loW SOC. An accu 
rate SOC estimate is therefore useful for optimiZing the sys 
tem for safety or long life. 

Therefore, it may be critical to knoW With accuracy the 
potential at each electrode. HoWever, the cell voltage, While 
easily measured, gives the difference in potential rather than 
the absolute potential, and includes various polarization con 
tributions Which may differ in magnitude betWeen the posi 
tive and negative electrode, thereby making determination of 
the electrode potential dif?cult. NeW performance demands 
such as an HEV have created a need for better SOC/SOH 
monitoring. Existing reference electrodes such as lithium 
metal may not be suitable for lithium ion battery systems used 
under the above-described demanding conditions due to 
insuf?cient stability and life (e. g. drift of the reference poten 
tial) or unsuitable reference potential. 

SUMMARY 

Materials, cell designs, and methods of using a reference 
electrode incorporated into a battery are provided in order to 
provide improved state-of-charge (SOC) and state-of-health 
(SOH) monitoring over the lifetime of the battery. Simpli?ed 
cell designs are provided having a reference electrode Without 
the need for an additional port in the cell can or capping lids 
for the reference electrode terminal. 

Reference electrodes have been used for electrochemical 
studies in general, but have not been designed for the pur 
poses of monitoring negative electrode potential to reduce or 
prevent Li deposition upon high rate charging, or for lifetime 
cell monitoring. Batteries andbattery systems incorporating a 
reference electrode according to one or more embodiments 
provide information useful in meeting the operating require 
ments that HEV, PHEV, and EV systems have in terms of 
poWer, charge/discharge rate, cycle life, and calendar life. 

In one aspect, a battery is disclosed, comprising ?rst and 
second Working electrodes separated by at least one separator, 
Where the ?rst Working electrode is in electrical connection 
With a ?rst terminal, and the second Working electrode is in 
electrical connection With a second terminal, one or more 
reference electrodes, and a can housing the Working elec 
trodes and the one or more reference electrodes, Wherein the 
can is electrically isolated from the ?rst and second terminals 
and is electrically connected to the one or more reference 
electrodes to provide terminals for the one or more reference 
electrodes. 

In one or more embodiments, the battery is a lithium ion 
battery and the Working electrodes comprise electroactive 
materials capable lithium uptake and release. In one or more 
embodiments, the battery comprises a cylindrical cell of 
Wound construction. In one or more embodiments, the battery 
comprises a prismatic cell of Wound or stacked construction. 

In one or more embodiments of the lithium ion battery, the 
one or more reference electrodes are comprised of an elec 
troactive material capable of multiphase existence to provide 
a substantially constant voltage betWeen about 1 V and about 
4 V With respect to Li/Li+. In other embodiments of the 
lithium ion battery, the one or more reference electrodes are 
capable of interface With a battery management system for the 
charging of the battery and for monitoring state of charge. In 
still other embodiments of the lithium ion battery, the one or 
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more reference electrodes have as little as about 0.001% and 
up to as much as about 20% of the coulombic capacity of the 
Working electrodes. In yet other embodiments, the one or 
more reference electrodes are selected from the group con 
sisting of lithium titanium oxide, lithium transition-metal 
phosphate, lithium manganese spinel, With or Without sub 
stituent elements, and alloys of lithium With metals such as 
tin, aluminum, and antimony. In further embodiments, the 
one or more reference electrodes comprise lithium titanium 
oxide. In some embodiments, the one or more reference elec 
trodes comprise lithium iron phosphate. In other embodi 
ments, the battery is one of a plurality of batteries comprising 
a battery pack. In additional embodiments, the one or more 
reference electrodes are positioned at a location in the battery 
mo st susceptible to lithium plating during charge. In yet other 
embodiments, the one or more reference electrodes are 
located betWeen the Working electrodes. In other embodi 
ments, the one or more reference electrodes are substantially 
adjacent to the edge of the negative electrode, and prevented 
from contacting the negative electrode by a porous, electroni 
cally insulating layer. And in some embodiments, the active 
material for the one or more reference electrodes is coated 
onto at least part of a Wall of the can. 

In some embodiments the can consists of a metal from the 

group comprising aluminum, copper, stainless steel, and tita 
nium and the can provides both the reference electrode and 
the reference electrode terminal. In some embodiments 
exposed metal surfaces of the can are coated With a nonporous 
electrically insulating coating. In additional embodiments, 
the ?rst and second terminals are located in upper and loWer 
cover plates, respectively. 

In some embodiments, the ?rst and second terminals are 
electrically isolated from the can via gaskets. In other 
embodiments, the one or more reference electrodes are 
Wrapped in a porous electronically isolating material that is 
electrochemically inert. In some of these embodiments, the 
porous electronically insulating material is Wetted by the 
battery electrolyte. 

In some embodiments of the lithium ion battery the one or 
more reference electrodes are maintained Within their tWo 
phase stoichiometry over the course of repeated voltage mea 
surements, by compensating for the current passed during 
voltage measurement. 

Another aspect is a method of supplying poWer, the method 
comprising installing the lithium ion battery disclosed above. 
In some embodiments, the method further comprises inter 
facing the one or more reference electrodes With a battery 
management system, charging the battery, and monitoring the 
state of charge. 

In some embodiments of the lithium-ion battery, the com 
pensation occurs by alternating measurement betWeen the 
reference-to-negative electrode and positive-to-reference 
electrode. In other embodiments, the compensation occurs by 
periodically sWitching the connection of the voltage leads 
betWeen the one or more reference electrodes and one or more 

Working electrode. In yet other embodiments, the compensa 
tion occurs by periodically passing current betWeen the one or 
more reference electrodes and either the positive or negative 
electrode, With the direction and amount of current deter 
mined by the amount of current passed during voltage mea 
surement. 

In other embodiments, the method of supplying poWer 
further comprises maintaining the one or more reference elec 
trodes Within their tWo-phase stoichiometry over the course 
of repeated voltage measurements, Wherein the maintaining 
occurs by compensating for the current passed during voltage 
measurement. In some embodiments of the method, the com 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
pensation occurs by alternating measurement betWeen the 
reference-to-negative electrode and positive-to-reference 
electrode. In other embodiments of the method, the compen 
sation occurs by periodically sWitching the connection of the 
voltage leads betWeen the one or more reference electrodes 
and one or more Working electrodes. In yet other embodi 
ments of the method, the compensation occurs by periodi 
cally passing current betWeen the one or more reference elec 
trodes and either the positive or negative electrode, With the 
direction and amount of current determined by the amount of 
current passed during voltage measurement. 

In some embodiments of the lithium ion battery, the posi 
tive and/or negative electrodes are comprised of materials 
Which posses intrinsic hysteresis greater than 1 mV. 

Another aspect discloses a lithium ion battery system, 
comprising (a) one or more lithium ion cells in electrical 
connection, each said cell comprising ?rst and second Work 
ing electrodes separated by separator membranes, the Work 
ing electrodes capable of lithium ion uptake and release, the 
?rst Working electrode comprising a ?rst electroactive layer 
on a ?rst current collector, and the second Working electrode 
comprising a second electroactive layer on a second current 
collector, and one or more reference electrodes, each refer 
ence electrode electronically isolated from the Working elec 
trodes and having a separate tab or current collector exiting 
the cell and providing an additional terminal for electrical 
measurement, and (b) a battery management system compris 
ing a battery state-of-charge monitor, said monitor being 
operable for receiving information relating to the potential 
difference of the Working electrodes and the potential of one 
or more of the Working electrodes vs. the one or more refer 

ence electrodes. 
In some embodiments of the system, the one or more 

reference electrodes are comprised of an electroactive mate 
rial capable of multiphase existence to provide a substantially 
constant voltage betWeen about 1 V and about 4 V With 
respect to Li/Li+. In other embodiments of the system, the one 
or more reference electrodes are selected from the group 
consisting of lithium titanium oxide, lithium transition metal 
phosphate, lithium manganese spinel, and alloys of lithium 
With metals such as tin, aluminum, and antimony. In yet other 
embodiments, the one or more reference electrodes are posi 
tioned at the position of the cell most susceptible to lithium 
plating during charge. In additional embodiments, the one or 
more reference electrodes are located betWeen the Working 
electrodes. In other embodiments, the one or more reference 
electrodes are immediately adjacent the edge of the negative 
electrode, and are prevented from contacting the negative 
electrode by a porous, electronically insulating layer. In yet 
other embodiments, the one or more reference electrodes are 
encapsulated by porous polyole?n separators. 

In other embodiments of the system, the one or more ref 
erence electrodes are coated by a porous insulating coating 
comprised of a mixture of ceramic particles and binder, said 
ceramic particles consisting of SiO2, A1203, MgO, TiO2, or 
other electrically insulating ceramic material, and said binder 
consisting of poly(vinylidene di?uoride), poly(tetra?uoroet 
hylene), poly(ethylene), poly(ethylene oxide), poly(meth 
ymethacrylate), latex rubber, carboxy methyl cellulose, or 
other polymer. In some embodiments, all metal connected to 
the one or more reference electrodes, except the metal imme 
diately covered by the active reference electrode material, is 
insulated With a nonporous electrically insulating coating. In 
other embodiments, the porous insulating layer has a thick 
ness betWeen 5 and 100 micrometers. 

In one or more embodiments of the system, the one or more 

reference electrodes are placed in close proximity to the 
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Working electrodes, such that the surface of the insulating 
layers around the one or more reference electrodes contacts 
the separator separating the positive and negative electrodes. 
In additional embodiments, the battery is a cylindrical, pris 
matic or pouch battery. Other embodiments include sensors 
for monitoring temperature and/ or current. In some embodi 
ments, the state-of-charge monitor can monitor one or more 
parameters selected from the group comprising overcharge, 
overdischarge, excessive charge current, and excessive dis 
charge current. 
One or more embodiments also contain a balancing mod 

ule. In some of these embodiments, the one or more lithium 
ion cells comprise cell pairs, and Wherein the balancing mod 
ule can evaluate the relative voltage levels of adjacent cell 
pairs and redistribute charge betWeen adjacent cells to miti 
gate differences in the cell voltages of the pairs. 
Some embodiments of the system also include a controller. 

In some of these embodiments, the controller can raise and/or 
loWer the charge rate of one or more cells. 

In one or more embodiments of the system, the one or more 
reference electrodes can alloW substantially instantaneous 
feedback of the state-of-charge of each individual cell to the 
battery management system. In some of these, the battery 
management system can adjust the charging protocol of at 
least one cell in substantially real-time. 

In some embodiments of the system, the system can esti 
mate the state-of-charge. In some of these embodiments, the 
system can compare the estimated state-of-charge to a target 
state-of-charge, and Wherein the battery management system 
can adjust the charge rate of at least one of the cells upWards 
or doWnWards. 

Another aspect is a method of avoiding lithium plating in a 
lithium ion battery comprising measuring the potential of the 
negative electrode relative to a reference electrode during 
charging of a lithium ion battery, comparing the measured 
potential to a critical potential associated With the plating of 
lithium metal, and adjusting the charging conditions of the 
lithium ion battery to reduce the risk or prevent plating of 
lithium at the negative electrode. Some embodiments of this 
method include adjusting charging via terminating charging 
or altering the charge rate. 

Another aspect is a method of minimiZing charge time of a 
lithium-ion battery by maximizing the charge current that is 
applied at any particular SOC during a charging event, com 
prising measuring the potential of the negative electrode rela 
tive to a reference electrode during charging of the battery, 
said charging having a charge rate, determining the state of 
charge of the battery, comparing the measured state of charge 
to a state of charge pro?le, and adjusting the charge rate 
upWards or doWnWards to maintain the actual charge rate 
Within a predetermined range that provides one or more of 
optimal safety operation and optimal charge rate to minimiZe 
charge time. 

Another aspect is a method of detecting Whether there is an 
electrical connection betWeen a can and either terminal of a 
cell, comprising applying a material to the inside of the can, 
said material having a redox potential that differs from that of 
either terminals, Where the potential difference is greater than 
0.2 V, and measuring the voltage betWeen at least one terminal 
and the can. 

Another aspect is a method of supplying poWer, the method 
comprising implementing a lithium ion battery system 
selected from the group consisting of earlier disclosed lithium 
ion battery systems. In some of these methods, the lithium ion 
battery system also monitors one or more parameters selected 
from the group comprising overcharge, overdischarge, exces 
sive charge current, and excessive discharge current. In one or 
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6 
more embodiments, the method includes evaluating the rela 
tive voltage levels of adjacent cell pairs, and redistributing 
charge betWeen adjacent cells to mitigate differences in the 
cell voltages of the pairs. In other embodiments, the method 
includes raising and/or loWering the charge rate of one or 
more cells. In yet other embodiments, the method includes 
adjusting the charging protocol of at least one cell in substan 
tially real-time. In yet other embodiments, the method 
includes estimating the state-of-charge. 

FIGURES 

A more complete appreciation of the invention and many of 
its advantages Will be understood by reference to the descrip 
tion of the invention When considered in connection With the 
folloWing draWings, Which are presented for the purpose of 
illustration only and are not intended to be limiting. Other 
embodiments and modi?cations Within the reach of one of 
ordinary skill in the art are intended to be included in the 
invention. 

FIG. 1 is an exemplary electrochemical cell including a 
reference electrode according to one or more embodiments. 

FIG. 2 is an exemplary battery pack according to one or 
more embodiments. 

FIG. 3 is a How diagram illustrating a method for monitor 
ing a battery or battery pack according to one or more 
embodiments. 

FIG. 4 is a How diagram illustrating a method for monitor 
ing a battery or battery pack according to one or more 
embodiments. 

FIG. 5 is an exemplary electrochemical cell including a 
reference electrode according to one or more embodiments. 

FIG. 6 shoWs a voltage pro?le of an exemplary electro 
chemical cell including a reference electrode during charge 
and discharge; the graph shoWs the potential of the negative 
electrode measured against the reference electrode, and also 
the cell voltage (positive vs. negative electrode). The refer 
ence electrode is used to determine When to terminate charg 
ing, in order to prevent lithium plating. 

FIG. 7 is a perspective illustration of a typical spiral elec 
trode secondary cell according to one or more embodiment. 

FIG. 8 is a perspective illustration of a cylindrical cell 
including a reference electrode according to one or more 
embodiment. 

FIG. 9 is a perspective illustration of a cylindrical cell 
fabricated With a reference electrode terminal through the cell 
endcap according to one or more embodiment. 

FIG. 10 illustrates the voltage pro?le during charge from a 
cylindrical cell in Which the terminals are electrically isolated 
from an aluminum can, and the can is used as a pseudorefer 
ence electrode. 

FIG. 11 shoWs the voltage pro?le from a cell containing an 
LTO reference electrode during an HPPC test. By comparing 
the voltage drop in the cell voltage to that in the neg. v. ref. 
voltage upon change in current, the impedance of the entire 
cell can be compared versus that of the negative electrode. 

FIG. 12 shoWs the voltage pro?le of a cell containing a 
lithium reference electrode, starting fully charged, discharg 
ing in 5% SOC increments to 0% SOC, then charging in 5% 
SOC increments to 100% SOC, With 2 hour rests betWeen 
each current event. 

FIG. 13A-C provide an exploded vieW of the components 
used in a negative (anode) end cap assembly, including gasket 
for insulating negative and reference electrode terminals. 
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FIGS. 14A and 14B are perspective illustrations of a cylin 
drical cell including a reference electrode according to one or 
more embodiments. 

DETAILED DESCRIPTION 

Three-electrode cells provide a means to monitor the state 
of an electrochemical cell to obtain information about cell 
characteristics. This information can be used to determine the 
state of charge of a battery and other important cell charac 
teristics. Such information is increasingly needed to monitor 
and optimiZe complex battery systems involving multiple 
cells With tight operating parameters, such as are found in 
PHEVs. 

While three-electrode cells are useful in monitoring and 
optimiZing cell performance, such systems pose certain chal 
lenges. For example, the use of an additional electrode 
increases the complexity of cell design. In particular, it 
requires reengineering of the cell architecture to accommo 
date a third electrode and its terminal, typically requiring an 
additional port in the cell container. See, e.g., EP 1577914. 
The additional port unnecessarily complicates the cell design 
and provides additional safety risks, as the port is an addi 
tional site for rupture and leakage. 

In one aspect, a three electrode battery and battery system 
is provided With improved performance and a simpli?ed 
design that does not require additional modi?cation of the cell 
can design to accommodate the third electrode. 

Methods for the operation, monitoring and optimization of 
the cell performance are also provided. 
Electrochemical Cell and Battery 
An electrochemical cell including one or more reference 

electrodes is described With reference to FIG. 1. The electro 
chemical cell can be of any geometry, such as a cylindrical 
cell of Wound construction, a prismatic cell of Wound or 
stacked construction, and the like. The electrochemical cell 
may be small or large, ranging in volume from less than 1 cm3 
to greater than 1 liter, and have charge capacity ranging from 
less than 0.1 Ah to greater than 100 Ah. 
One or more electrochemical cells can be formed into one 

or more batteries. The battery can be of any geometry. For 
example, the battery can be a prismatic battery, a cylindrical 
battery, or the like. For example, lithium ion batteries are 
typically included in a battery pack, Which includes a plural 
ity of electrochemical cells that are electrically connected in 
series and/or in parallel. Lithium-ion battery packs come in 
all shapes, siZes, energy capacity and poWer rating, depend 
ing on the intended use of the battery pack. Battery packs Will 
typically include a number of lithium ion cells and a battery 
management system. 

All the various types of electrochemical cells and batteries/ 
battery packs thereof are Within the scope of the invention. 
HoWever, it is described herein for simplicity With reference 
to a simple pouch electrochemical cell. 
As shoWn in FIG. 1, the electrochemical cell can include a 

negative electrode 122 and a positive electrode 124 electroni 
cally separated by a separator 126. The negative and positive 
electrodes (122, 124) have separate tabs (130, 132) that serve 
as terminals for electrical contact With an external circuit. The 
cell also includes a reference electrode 134 that is electroni 
cally isolated from the Working electrodes (122, 124) and has 
a separate tab 136 exiting the cell and providing an additional 
terminal for electrical measurement and control of the refer 
ence electrode. In certain embodiments as described more 

fully herein, the terminal for the reference electrode is the 
conducting can housing the cell, thereby avoiding the need to 
have an additional port in the battery. In certain embodiments, 
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8 
the reference electrode may be Wrapped in a porous electroni 
cally insulating material (not shoWn) that is electrochemi 
cally inert and is Wetted by the electrolyte, e. g. microporous 
polyethylene, a mixture of insulating ceramic particles With 
binder such as TiO2 or Al2O3 With PVDF or other polymer 
binder, or other material commonly used for battery separa 
tors. 

Positive Electrodes 
The Working electrodes can be any conventional positive 

and negative electrodes. By Way of example, suitable mate 
rials for the positive electrode for a lithium ion battery include 

LiCoO2, LiNiO2, LiMnO2, LiMn2O4, LiFePO4, V205, or 
other such cathodes Well-knoWn to those skilled in the art, 
including LixMOz, in Which M can include Ni, Co, Mn, Al, 
Mg, Cr, or other metals, mixed With a binder and optionally a 
conductive additive such as carbon. 

Lithium metal phosphate compounds (such as lithium 
transition metal-phosphate compounds) may also be used as 
the electroactive material including but not limited to polya 
nion compounds such as olivine compounds and NASICON 
compounds. The lithium-metal-pho sphate compound may be 
optionally doped With a metal, metalloid, or halogen. 

Speci?c examples can include doped nanophosphate mate 
rial, or an olivine structure compound LiMPO4, Where M is 
one or more of V, Cr, Mn, Fe, Co, and Ni, in Which the 
compound is optionally doped at the Li, M or O-sites. De? 
ciencies at the Li-site can be compensated by the addition of 
a metal or metalloid, and de?ciencies at the O-site can be 
compensated by the addition of a halogen. 

Further information regarding suitable positive electrode 
materials can be found in US. Pat. No. 7,338,734, entitled 
“CONDUCTIVE LITHIUM STORAGE ELECTRODE” and 
United States Published Application No. 2007/0031732, 
entitled “NANOSCALE ION STORAGE MATERIALS” 
Which are incorporated by reference in their entireties. 

Suitable positive electrode materials for batteries With 
aqueous electrolytes, such as Pb-acid or nickel-cadmium bat 
teries, include lead dioxide, nickel oxyhydroxide, and man 
ganese dioxide. 
Negative Electrodes 

Suitable materials for a negative electrode for a lithium ion 
battery include carbon, including graphitic or amorphous or 
partially disordered carbons, alloys or compounds formed 
betWeen Li and metal alloys comprising one or more of Sn, Si, 
Sb, Al, Zn, and Ag, or other anode materials knoWn to those 
skilled in the art. 

Suitable negative electrodes for batteries With aqueous 
electrolytes, such as Pb-acid or nickel-cadmium batteries, 
include lead, cadmium hydroxide, metal-hydride alloys, Zinc, 
and carbon. 
Reference Electrode 
The selection of materials for a reference electrode Will 

vary in the various secondary batteries such as lead-acid or 
Pb-A battery, alkaline-manganese battery, nickel-cadmium 
or ‘NiCad’ battery, nickel-metal hydride or ‘NiMH’ battery 
and the lithium-ion or ‘Li-ion’ battery. 

In certain embodiments, the reference electrode can have a 
coulombic capacity that is small in comparison to the Working 
electrodes, e.g., the anode and the cathode Which supply the 
coulombic capacity of the electrochemical cell. Coulombic 
capacity is the amount of coulombs (current times time) that 
can be exchanged betWeen the electrodes. In one or more 
embodiments, the reference electrode has as little as about 
0.001% and up to as much as about 20% of the capacity of the 
Working electrodes. In some embodiments, the reference 
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electrode can occupy a small section of that total volume in 
order to avoid substantially decreasing the volumetric energy 
density of the cell. 

The reference electrode material may be one of many 
choices. In certain embodiments, the reference electrode can 
include a material providing a stable reference potential over 
time in the cell environment. The reference electrode can be 
thermodynamically stable in the electrochemical environ 
ment of the cell. 

For example, for lithium-ion batteries containing carbon 
ate, ester, ether, lactone, or similar solvents, a stable reference 
potential can be at a high enough absolute potential that 
surface reactions due to electrolyte reduction (such as the 
Well-knoWn “solid-electrolyte interface” (SEI)) do not occur. 
This can be accomplished by having a reference electrode 
With a potential greater than about 0.8V With respect to 
lithium metal (Li/Li”), more preferably greater than about 
1.0V. Furthermore, the potential can be loWer than about 4V 
vs. Li in order to avoid oxidative reactions With components 
of the electrolyte. In batteries containing an aqueous electro 
lyte, the reference electrode can be chosen to a potential 
greater than about 0 V vs. H2/H+ and less than about 1.2 V vs. 
H2/H+, i.e., Within the stability WindoW of Water (Which is a 
function of pH). 

In another example, the reference electrode can include a 
material in Which the potential is relatively constant even if 
the reference electrode is partially lithiated or delithiated 
While in use, such as a reference electrode in Which the 
chemical potential is constant With degree of lithiation. Mate 
rials having a substantially constant chemical potential With 
degree of lithiation can include materials having more than 
one co-existing lithium-active phase, such as compounds that 
undergo a tWo-phase reaction upon insertion or removal of 
lithium. Such compounds can have a constant thermodynami 
cally-determined potential as determined by the Gibbs phase 
rule. Such materials can be available With a variety of poten 
tials, and can make desirable reference electrodes. 

Exemplary (and non-limiting) reference electrode materi 
als for Li ion batteries can include lithium titanium oxides 
(LTO), lithium transition metal phosphates, lithium manga 
nese spinels (on the ~3V voltage plateau in betWeen compo 
sitions LiMn2O4 and LiMnO2), and alloys of lithium With 
metals such as tin, aluminum, and antimony. In other embodi 
ments lithium metal may be used. Rutile structure compounds 
including LiXRuO2 and LiXTiOZ, and alkali transition metal 
polyanion compounds, including pure or doped compositions 
of the compounds LixMPO4, LixMP2O7, LixMPO4F, LixM2 
(S04)3 and Li,CM2(PO4)3 in Which M is one or more of Ti, V, 
Cr, Fe, Mn, Ni or Co, and in Which other alkali metals may be 
partially substituted for Li, all are suitable electroactive mate 
rials for the reference electrode. The reference electrode 
active material may be the same as, or different from, that 
used in one of the Working electrodes of the battery. For 
lithium rechargeable batteries, lithium metal is one usable 
reference electrode material. 

In one or more embodiments, a multiphase lithium active 
material providing a stable constant potential can be used as 
the reference electrode. Lithium titanium oxide (LTO) is an 
exemplary reference electrode material including, but not 
limited to, a composition Li4+xTi5Ol 2 and compounds having 
the spinel structure. Upon lithium insertion, this composition 
can undergo a tWo-phase reaction and can provide a constant 
1.55V potential at room temperature vs. Li/Li", Which is high 
enough to avoid SEI formation. This compound can be pre 
pared in the oxidiZed state. Alternatively, a tWo-phase mate 
rial may be prepared by increasing the Li content and ?ring in 
reducing ambient atmosphere or in a closed-system ?ring 
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10 
Where the relative amounts of Li, Ti and O are constrained. 
When using the oxidiZed form, upon incorporating the refer 
ence electrode into a lithium ion cell, LTO may not be a 
tWo-phase material of constant potential. HoWever, in certain 
embodiments, the reference electrodes can be electrochemi 
cally lithiated by the insertion of lithium to form the tWo 
phase state of constant potential prior to use as a reference 
electrode. 

Other exemplary reference electrode materials can include 
phosphate materials, such as doped nanophosphate material, 
or olivine LiMPO4 in Which M includes one or more of Fe, 
Mn, Co, and Ni. The aforementioned phosphates can be lithi 
ated to form a tWo-phase material of constant potential. In 
such embodiments, the reference electrode can be operated to 
avoid large cycling of the reference electrode, in order to keep 
the stoichiometry of the reference electrode Within its tWo 
phase region, and in order to avoid inducing changes in the 
potential of the reference electrode oWing to the hysteresis 
intrinsic in some phase-change materials. The tWo-phase 
phosphate can be prepared as a starting material, or a starting 
reference electrode can be electrochemically lithiated or 
delithiated to form the tWo-phase material. As a non-limiting 
example, a tWo-phase LiFePO4iFePO4 mixture With a 
potential of about 3.45 V vs. Li/Li+ can be prepared by 
starting With an overall composition Li l_,CF ePO4 in Which x is 
greater than about 0.05, and heat treating to create the tWo 
co-exi sting phases. Alternatively, the reference electrode can 
be LiFePO4 that is delithiated in-situ after assembly to create 
the tWo-phase mixture. In yet another example, the reference 
electrode can be FePO4 that is lithiated in-situ after assembly 
to a composition LiyFePO4 in Which y is greater than about 
0.05. 

Because voltage measurements involve passage of some 
small amount of current, over extending voltage measure 
ments, the stoichiometry of the reference electrode can be 
changed, even to the point at Which all of the capacity of the 
reference electrode is consumed, after Which the potential of 
the reference electrode Will change. For a system design for 
long-term operation, one Would operate the voltage measure 
ment to avoid depleting the reference electrode. Examples of 
modes of operation that avoid substantially changing the sto 
ichiometry of the reference electrode include reducing the 
amount of time during Which voltage is measured, alternating 
the direction of the current passed during voltage measure 
ment (i.e., by sWitching the polarity of the leads), and/or 
periodically passing compensating current betWeen the ref 
erence electrode and one of the Working electrodes. 
The active material of the reference electrode can be depos 

ited directly onto a metal current collector. Or, particles of 
active material can be mixed With a binder, conductive addi 
tive such as carbon may be added to the mixture, and coated 
onto metal foil. The metal foil may be copper, aluminum, 
nickel, stainless steel, titanium, or other metal that neither 
alloys nor corrodes under the operating potential WindoW of 
the reference electrode. 

Because the function of the reference electrode is to pro 
vide a stable measurement of the potential in a particular 
location in the cell, it is important to minimiZe factors Which 
can affect that potential. For example, the metal lead connect 
ing the active reference material to the reference terminal 
should be insulated from ionic contact With the electrolyte in 
all regions except the immediate region of the active reference 
material. In addition, the reference electrode should be placed 
as close as possible to the location Where the potential is of 
interest, and there should be a continuous ionic path betWeen 
the location of interest and the reference electrode. For 
example, if the goal is to detect lithium plating, then the 
















